New phenol degrading bacteria with high biodegradation activity and high tolerance were isolated as Burkholderia cepacia PW3 and Pseudomonas aeruginosa AT2. Both isolates could grow aerobically on phenol as a sole carbon source even at 3 g W l. The whole-cell kinetic properties for phenol degradation by strains PW3 and AT2 showed a V max of 0.321 and 0.253 mg W l W min W (mg protein), respectively. The metabolic pathways for phenol biodegradation in both strains were assigned to the meta-cleavage activity of catechol 2,3-dioxygenase.
pathway
Phenol biodegradation has been chosen as a method to remediate environments contaminated by phenol, which is massively discharged from uncontrolled industrial waste disposal. A number of aerobic phenol-degrading bacteria have been described previously, [1] [2] [3] however, little information on bacteria with a high phenol tolerance with high metabolizing activity is available. The kinetic constants for aerobic phenol degradation were reported for several Pseudomonads in the range from 94.11 mg W l to 470 mg W l. 2, 3) The phenol tolerance of the genera Pseudomonas and Vibrio under growth conditions was reported to be up to 700-800 mgW l. 4, 5) The bestknown phenol-tolerant bacteria was Pseudomonas putida MTCC 1194 which could tolerate phenol up to 1000 mg W l. The aerobic metabolism of phenol in these degraders is known to be initiated by two diŠer-ent pathways, either the ortho-or the meta-pathway. [6] [7] [8] We are particularly interested in isolating a phenol-degrading bacterium that can aerobically grow at elevated concentrations of phenol.
We have screened phenolic wastes of coke processing units (El-Tabbin, Helwan, Egypt) for phenoldegrading bacteria. Samples were enriched in 150 ml of basal mineral medium 8) with 100 mg W l phenol for 24 h at 309 C. Portions from each culture were transferred onto basal mineral agar plates containing 100 mg W l phenol. As a result of the single-colony puriˆcation, six bacterial strains (AT1, AT2, AS1, PW3, SW4, and SW5) were able to grow aerobically on phenol as a sole carbon source. The collected cells of each isolate were incubated at 6×10 8 cells W ml in the medium containing phenol at 100 mg W ml to compare the e‹ciency of phenol biodegradation. The residual phenol concentration was monitored at diŠerent times. Maximum metabolic use of phenol was found to be at 309 C and pH 7.0 for all isolates. The time-dependent changes of phenol concentrations in the media were thus monitored under these conditions (Fig. 1A) . Strains AT2 and PW3 were able to degrade phenol completely within a relatively short time. Strains AT1 and AS1 took 300 min. to decrease the phenol concentration completely. Strains SW4 and SW5 failed to degrade phenol completely even after extended periods of incubation. Thus, strains AT2 and PW3 were selected as e‹cient phenol degraders among the isolates. Next, the phenol tolerance as well as the ability to grow at elevated phenol concentrations was investigated with the selected isolates (Fig. 1B) . Each strain was respectively inoculated in the medium containing phenol at 1000, 2000, and 3000 mg W l. At such high phenol concentrations, strains PW3 and AT2 could initiate growth with a longer lag time. Cells growing at high phenol concentrations showed a longer lag time compared to those growing at low concentrations. In contrast, the other four isolates did not grow in the presence of phenol at 1000 mg W l, and their growth was permitted at 50 to 200 mg W l (Data not shown). Therefore, isolates PW3 and AT2 were deˆned as highly phenol-tolerant strains.
To clarify the phenol degradation rates of these two isolates, kinetic experiments were done (Fig. 2) . In order to start the phenol-degrading reaction by the . Each isolate is aerobically subcultured at 309 C on mineral medium containing phenol as a sole carbon source at 100 mg W l. After phenol was degraded completely, the cells of each isolate were inoculated into 100 ml of basal medium in 250-ml ‰asks at 6×10 8 cells W ml after washing twice with 10 mM sodium phosphate buŠer (pH 7.0). The ‰asks were incubated in a shaking incubator at 309 C. Bacterial growth was measured with an optical density at 600 nm and phenol concentrations were measured colorimetrically using the 4-aminoantipyrene colorimetric method. 13) Each data point is the mean of duplicate independent mesurements. Panel B; The ability of isolate PW3 (open symbols) and AT2 (closed symbols) to start growth at elevated phenol concentrations. Cells were inoculated into mineral medium with 1000 (, ), 2000 (#, $) and 3000 mg W l (, ) phenol and cultures were periodically examined for phenol degradation and cell growth. Each data point represents the mean of triplicate independent measurements. The rate of phenol degradation was measured with 3 ml 50 mM Tris.HCl (pH 7.0) containing the cells of OD 600 of 2.5 and diŠerent phenol concentrations (5¿50 mg W l) in a 5-ml double jacket glass vial at 309 C with aeration provided by bubbling air. One-tenth ml of culture was taken for every measurement of phenol degradation using the 4-aminoantipyrene colorimetric method.
10) The measured rates were represented as the Lineweaver-Burk double reciprocal plots. The rate constants were taken from theˆtting of data plots to Haldane's equation. Each data point represents the mean of triplicate measruements determination with standard deviation. Total cell protein concentration was measured by the Bradford method. 14) 2027 Characterization of Phenol-catabolizing Bacteria bacterial cells, phenol was injected into a dense cell suspension (OD600 of 2.5) at varied concentrations from 5 to 50 mg W l. The phenol disappearance in the reaction mixture was measured time-by-time to measure the degradation rates by the cells at diŠerent initial phenol concentrations. The measured rates of phenol degradation wereˆt to Haldane's equation (equation 1).
2) The Lineweaver-Burk double reciprocal plot was used for graphing kinetic data to estimate Ks (Michaelis constant for cellular kinetics) and Vmax (equation 2).
Where v is the rate of degradation, (S) is the phenol concentration, Ks is the half-saturation constant (equivalent to Km in enzyme kinetics), KI is the inhibition constant, and Vmax is the theoretical maximum degradation rate.
As a result of this estimation, the kinetic properties of phenol biodegradation for strains PW3 and AT2 showed a Vmax of 0.321 and 0.253 mg W l W min W (mg protein) at 309 C and pH 7.0 respectively. Ks for strains PW3 and AT2 also showed 43.49 and 32.0 mg W l respectively. The estimated K s and V max values were much higher than those found previously for several Pseudomonads. 2, 3) The KI values for both strains were 1680, and 1177 mg W l respectively, which is very high compared to previous KI values ranging from 94.11 mg W l to 470 mgW l. 2, 3) In the concentration range tested, the KI value was found to be high enough to make the inhibitory term [(S) 2 W KI] in the Haldane expression become negligible, and consequently, Haldane's equation becomes identical to the Michaelis-Menten equation.
We were interested whether these unique characteristics have a relevance to the biodegradation pathway. In general, the aerobic metabolism of The inset structure respectively indicated phenol and 2-HMS as the starting and ending compounds of the bioconversion, which could be visible as absorption at 268 nm and 375 nm, respectively. Panel B, the bioconversion of catechol to 2-HMS by strain PW3. The same experimental conditions were redesigned in which catechol replaced phenol as a starting compound. Catechol is shown at 0 min (solid line) and after 2 min (dashed line). Intermediate metabolites of phenol biodegradation were measured with a dense cell suspension of an OD 600 of about 3.0 under the same conditions used to monitor K s and V max . Phenol or catechol was added and at given time points, 0.1 ml of the supernatant was assayed by scanning its spectrum with a VIS W UV spectrophotometer (Jasco V560, Tokyo).
phenol is known to be initiated by two diŠerent pathways, either the ortho-or the meta-pathway. 7, 8) The identiˆcation of the phenol biodegradation pathway was therefore done with strains PW3 and AT2. Figure 3A shows the time-dependent change of the supernatant of an incubation containing the cells of strain PW3 and phenol. The respective increase and decrease in absorption at 375 nm and 268 nm indicated the formation of 2-hydroxymuconate semialdehyde (2-HMS) as a result of the extradiol ring cleavage of phenol. If meta-cleavage has taken place, 2-HMS should be also converted from catechol. The same strain could convert catechol to 2-HMS (Fig. 3B) . The increase in absorption at 375 nm was observed in the supernatant of a cell suspension containing catechol. These results indicated that the strain PW3 metabolized phenol in the meta-pathway. In the same manner, a series of experiments with strain AT2 also indicated the formation of 2-HMS in the presence of either phenol or catechol. Both strains showed the meta-pathway for phenol biodegradation.
We identiˆed the isolates because of the unusual phenol biodegradation properties. The BILOG GN MicroPlate assay was used for phenotypic identiˆca-tion to test the ability of bacterial isolates to oxidize certain carbon sources and therefore assist in the identiˆcation of bacterial isolates. Genotypic identiˆcation of isolates was done by analysis of 16S rRNA gene with a pair of forward (5?-AGAGTTTGATCCTGGCTCAG-3?) and reverse (5?-ACGGCTACCTTGTTACGACT-3?) primers after the genomic DNA extraction 9) and the corresponding PCR.
10) 16S rDNA-containing plasmid vectors were constructed using the pGEM-T Easy vector and used to transform E. coli cells for the nucleotide sequence analysis of the selected clones. The identiˆed 16S rRNA gene sequences of both strains have been deposited in the GenBank database (DNA Data Bank of Japan) under accession numbers AB091760 (AT2), and AB091761 (PW3). The BIOLOG Strain metabolicˆngerprints of strains PW3 and AT2 were matched at 99.0z to Burkholderia cepacia and Pseudomonas aeruginosa, respectively. Based on the nucleotide sequence of 16S rRNA genes, strains PW3 and AT2 were also matched to the corresponding strain with a similarity of 99.0z each. In addition, these Gram-negative isolates were both motile rods under the atomic force microscopy (AFM) (Digital Instruments, Santa Barbara, CA), 11) and the other phenotypic characteristics of these bacterial isolates using standard biochemical assays according to the scheme in Bergey's manual of determinative bacteriology 12) agreed with that of each species. These isolates were the known species, but might be identiˆed as new strains due to their unusual phenol biodegradation properties.
In conclusion, we have succeeded in isolating two phenol-degrading bacteria with high phenol-degrading activity with high tolerance. Isolates were identied as B. cepacia PW3 and P. aeruginosa AT2. Phenol metabolism in the isolates was initiated as a meta-cleavage pathway.
